Abstract: A novel online capacitance estimation method for a DC-link capacitor in a three-phase AC/DC/AC PWM converter is prepared. At no load, a controlled AC current with a lower frequency than the line frequency is injected into the input side, which then causes AC voltage ripples at the DC output side. By extracting the AC voltage and current components on the DC output side using digital filters, the capacitance can then be calculated using the recursive least squares method. The proposed method can be simply implemented with only software and no additional hardware. Experimental results confirm that the estimation error is less than 0.26%.
Introduction
Three-phase AC/DC/AC PWM converters are being increasingly used for industrial applications, such as mill drives, elevators, wind power generation systems [1] , UPQC (unified power quality conditioner) [2] , and so on. The AC/ DC/AC PWM converters usually have a DC-link consisting of electrolytic capacitor banks as an energy buffer. The lifetime of electrolytic capacitors is usually shorter than that of the other components of a power converter, and its capacitance decreases with aging. For example, the ratio of the electrolytic capacitor failure to the total failure of the DC/DC switch-mode power supply is 60% [3] . The lifetime of capacitors is normally considered to be over when the capacitance is reduced by more than 25% from the initial value [4] . Thus, determining the appropriate time to replace a capacitor is important for safe operation.
However, despite the importance of the electrolytic capacitor in power converters, related research work is limited. A deterioration diagnosis scheme of electrolytic capacitors in a forward-type converter and a buck-boost converter was proposed in [5] . This method utilises that the ESR (equivalent series resistance) of the capacitor increases as it deteriorates, and the ripple component varies in proportion to the ESR. Another failure prediction method of the capacitors for the switch-mode power supply was published in [6] , where the ESR is estimated by processing the ripple voltage, by which the remaining time for failure is predicted. In [5] and [6] , the fault of one capacitor cannot be predicted if several capacitors are in parallel. So, a smart electronic circuit was designed to indicate the failure of each capacitor in [3] . On the other hand, lifetime predictions of the capacitor from the initial time have been suggested [7, 8] , yet the algorithms are complicated and precise estimation is difficult to achieve because the capacitor characteristics are sensitive to the operating frequency and temperature.
The DC-link capacitors used in the AC/DC/AC PWM converters are installed inside the system, making it difficult to measure the capacitance without detaching the capacitors, which is especially troublesome for wind power generation systems located offshore or on high towers. Accordingly, to overcome these difficulties, this paper proposes a novel online capacitance estimation method for the AC/DC/AC PWM converter systems. To diagnose the degree of deterioration, the capacitance of the capacitor is periodically estimated using an input current injection and the RLS method. In an initial no-load condition, a particular AC current with a lower frequency than the power line frequency is injected into the input side of the AC/DC PWM converter. The output current of the AC/ DC PWM converter then completely flows through the DC-link capacitor bank, as the load is virtually disconnected at the initial state. The injected input current causes an AC ripple voltage component in the DC output voltage that can be easily extracted from the measured voltage by using bandpass filters. Meanwhile, the DC-side current can be estimated from the AC input current and gating times of the switching devices, since it is not usually measured. As a result, the current and voltage information on the DC side can be used to calculated the capacitance based on the recursive least squares (RLS) method. When compared with the capacitance value measured by an LCR meter, it is confirmed that the estimation error is less than 0.26%. The experimental results for three-phase AC/DC/AC PWM converters also verify the effectiveness of the proposed algorithm. Figure 1 shows a control block diagram of the three-phase AC/DC PWM converter(front-end converter) involving the blocks of the capacitance estimation algorithm. There are a DC-link voltage control loop and two current control loops. The AC phase current are transformed into the d-and q-axis currents in a synchronous reference frame. The q-axis current is controlled at zero for a unity power factor operation on the source side, whereas the d-axis current is controlled to keep the DC voltage constant.
Estimation of capacitance of DC-link capacitors

Current injection
Let us consider the operation of an AC/DC/AC PWM converter under no-load condition, which means that the inverter side is virtually disconnected from the DC-link. If the DC output voltage is well controlled at its reference value, the d-axis current reference, which is a real power component, is zero and the DC-link voltage is kept constant, except for the switching frequency-related ripple components. However, since this is an equilibrium state, it is difficult to obtain any information on the system parameters from this condition. Thus, a specific signal needs to be injected to excite the system, for example, a regulated AC current with a low frequency can be injected into the input side of the AC/DC PWM converter. In Fig. 1 , the injected current reference in the synchronous reference frame is given as
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When i de,in is well controlled and is inversely transformed into the stationary reference frame, the AC current of the pulsed waveform with a fundamental frequency of 30 Hz flows through the line and the DC-link capacitors. This current causes a ripple voltage at the same frequency. The AC current and voltage are used to determine the capacitance based on the RLS method.
The lower the frequency of the injected current with the same magnitude, the larger the magnitude of the ripple voltage. Thus, a lower frequency AC current is preferable to obtain a ripple voltage with a significant magnitude, since the allowable ripple current level of the capacitor is not so high [9] .
DC link current
To calculate the capacitance, the capacitor current needs to be known. While the AC line currents are often measured for current control and overcurrent protection, the DC-link current is rarely measured for this purpose. Thus, instead of a direct measurement, the DC-link current (i dc ) can be reconstructed from the AC input currents (i as , i bs , i cs ) and switching functions (S a , S b , S c ) as in [10, 11] :
where the switching function is '1' or '0' when an upper switch of each switching pole turns on or off, respectively. Since the instantaneous current of the capacitor in (2) is a pulsed waveform, it is difficult to obtain the fundamental component. Thus, after eliminating the high-frequency component using a lowpass filter, the AC component at the frequency of the injected current can be extracted using a bandpass filter. However, this process is complicated. Therefore, if the gating time and phase currents are used, the mean value of the DC-link current, i dc,cal , at each sampling period can be found as
where T ga , T gb and T gc are the gating time for each phase and T samp is the sampling period. Figure 2 shows the relationship between the phase current and the DC-link current according to the switching state, where A + , B + and C + represent the gating signals for upper switches of each switching pole. It is shown that the instantaneous DC-link current waveforms can be reconstructed with the phase currents and the gating signals. The waveform of i dc,cal shows a natural filtering effect of instantaneous DC-link currents of i dc . If the dead time effect of the switching devices is compensated well, its influence on calculation of (3) can be ignored [12] .
Digital filtering
To extract the AC components from the derivative of the measured DC voltage and the calculated DC-link current in (3), a second-order bandpass filter is used [13, 14] , and the transfer function is given by
where K BPF is the gain, Q BPF is the quality factor, f BPF is the cutoff frequency, and o BPF ¼ 2pf BPF . The filter output characteristic is not so sensitive to the quality factor because there is no other component near 30 Hz frequency. Figure 3 shows the frequency response of the bandpass filter when
Meanwhile, the AC ripple voltage component needs to be rejected since the mean value of the DC-link voltage should be fed back to control the DC voltage. Thus, a second-order bandstop filter is used, and the transfer function is given by
where K BSF is the gain, Q BSF is the quality factor, f BSF is the cutoff frequency, and o BSF ¼ 2pf BSF . Figure 4 shows the frequency response of the bandstop filter when K BSF ¼ 1, Q BSF ¼ 2 and f BSF ¼ 30 Hz, where the selection of Q BSF is not so sensitive either.
The voltage filtered by the bandpass filter still contains the high-frequency components due to the switching action of the devices. Thus, to eliminate these components, a second-order lowpass filter is used at the front-end of the bandstop filter, and transfer function is given by
where 
Recursive least squares method
The capacitance of a DC-link capacitor bank can be estimated using the injected current and output voltage, where the relation between the current and the voltage of the capacitor is given by
To extract only the required AC components of the current and voltage, the bandpass filters are applied to both sides in (7), as explained previously, which gives
where 'BPF [ Á ]' represents the bandpass filtered quantity. Then, the unknown parameter, the capacitance, can be easily estimated using an RLS algorithm [15, 16] . The RLS algorithm iteratively minimises the least square cost function, allowing the estimated parameter of the system to be updated at each sample interval whenever new data become available. The RLS identification algorithm has the advantages of simple calculation and good convergence properties against other methods, thus it is one of the preferred techniques used for system parameter identification.
Next, consider the error criterion. 
where g(n) is an adjustment gain and was selected as a constant scalar gain ( ¼ 9.5 Â 10
À8
) in the experiment by a trial and error method. The initial value ofĈð0Þ can be either the estimated capacitance from the last capacitor diagnosis or the nominal value of the capacitor bank.
Experimental results
To verify the effectiveness of the proposed scheme, experiments were carried out using the setup shown in Fig. 5 and Table 1 . The TMS320C31 DSP chip operating at 33.3 MHz is used as a main processor and the power capacity of the AC/DC/AC PWM converter using IGBT modules is 3 kVA. In fact, this type of power converter is usually used for AC machine drives higher than medium power level. The input inductor is needed for boosting action of the voltage. The capacitances of the capacitors used for the experiment were measured by the HIOKI 3532 LCR meter, which has an instrument accuracy of 70.08%. The measured capacitances are lower than the nominal values due to the aging effect of the capacitor at the laboratory.
Even though the three-phase AC/DC/AC PWM converters are prepared for induction motor drives, only the source-side AC/DC PWM converter is operated for the capacitor bank diagnosis, while the PWM inverter is at idle condition. When the capacitance estimation algorithm begins, i Ã de;in ¼ 5 sinð2p Â 30tÞ is given for the d-axis current Figure 9 shows the harmonic spectrum of the DC-link currents corresponding to Fig. 8 . Clearly, the other frequency components, except for the 30 Hz component, are completely eliminated after applying the BPF. Figure 10 shows the DC output voltages, where Fig. 10a  is the measured waveform, Fig. 10b is the bandstop-filtered waveform for voltage feedback control, and Fig. 10c is the bandpass-filtered waveform from the derivative of Fig. 10b . Figure 11 shows the harmonic spectrum of the DC ripple voltage corresponding to Fig. 10 . The performance of the filters is very satisfactory. Figure 12 shows the variation in the estimated capacitance value, DC-link ripple voltage, and current when C 3 is abruptly opened while C 2 and C 3 are being connected in parallel. Even though the capacitance value changes abruptly, it is still well estimated. Table 2 shows a list of the estimated and measured data for the different capacitors tested. The estimation errors in all cases are less than 0.26% including the instrument accuracy of 70.08%.
Conclusions
This paper has presented and implemented a novel online capacitance estimation method for a three-phase AC/DC/ AC PWM converter. The proposed scheme does not require any extra hardware, but is rather executed using software, based on injecting an AC input current, processing the current and voltage signals with digital filters, and using the RLS method. Experimental results confirmed that the capacitance estimation error was less than 0.26%, making the proposed algorithm very effective for diagnosing the deterioration of DC electrolytic capacitor banks in the AC/DC/AC PWM converter system.
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